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Introduction

_ * The Standard Model scenario suffers from quadratic
divergences and several models have been suggested to solve
the problem

* |Inthese models additional fields are introduced, and low-mass
Higgs’ bosons (in the GeV/c? mass range), and gauge bosons,
are possible

* The search for such particles can be fruitfully exploited at low-
energy/high luminosity e*e machines (ex. B factories)

— Constraints on parameter space can help understanding the most recent
experimental observation of SM Higgs’ boson

* BaBar is pursuing a complete program to search for such states
in several decay modes (leptons, hadrons, invisible) in
— radiative decays of Y’(nS) resonances (Wilczek)
— Higgs-strahlung (and pair production) processes from e*e
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Theoretical motivations

Among the models which include the possibility of a light Higgs: NMSSM

— Solves the hiera rchy problem Dermisek, Gunion, PRD81, 075003 (2010)

— Adds to MSSM a total of 2 CP-odd + 3 CP-even +
2 charged Higgs
— Lightest CP-odd Higgs (A°): mixing of a singlet = F
CP-odd singlet Higgs’ field and the CP-odd é‘ 105 |
scalar doublet of MSSM: & F
* A%=cos0, a 550 + SINO, Agy 1076 L~ 3
— Lightest Higgs: mass < 2m, [ _
— Production: radiative decays Y'(nS) =yA° (n=1,2,3) 10T e 00 on
a, non—singlet fraction (cosé,)
e® i . can have large branching All values in Gev/e?
fractions, up to 103 ® 0<m,<2m,
- 2m, = m, <= 7.4
® 75=m,= 8.8
® 88 =m, =92
— A% decays: into ff with BF depending on tanf3 and m,,
0 r 2 2
BR(A” — f f) oc cos ‘9Amf /tan” Up-type fermions: u, ¢, t, v, v, V.

BR(AO N f7) oC COS HAmjz, tan’ b Down-type fermions: d, s, b, e, u, T




A° searches at BaBar

Y'(2S,3S) radiative decays * Y(1S) radiative decays

. Y(25,35) > y A” Y(1S) > yA® _ _ ~

— Search for a monochromatic photon in — Y(15) selected by tagging the dipion in
the recoil mass spectrum Y'(2,3S) —» n*n Y (1S) transitions

* Y(25,35) > v A% A — ptu” — Less background, reduced using missing
PRL103, 081803 (2009) mass and dipion recoil mass

* Y(3S) > yA% A0 — tt1 — Monochromatic photon in Y'(1S) rest
PRL103, 181801 (2009) frame

* Y(2S,3S) -y A% A% — hadrons * Y'(1S) — v A% A% — invisible
PRL107, 221803 (2011) PRL107, 021804 (2011)

* Y(2S,3S) > v A% AP — invisible * Y(1S) -y A% A —

arXiv: 0808.0017 PRD87, 031102 (2013)

N Y (1S) > y A% A? — 171
o arXiv:1210.5669 accepted by PRD-RC
Q

* Y(1S) > y A% A°— gg or sS

productionxdecay yield by means
of extended unbinned likelihood fits PRD88, 031701 (2013)




Y(2S,3S) =»n'n Y (1S), Y(1S) = y A%, A% - ptw
PRD87, 031102 (2013)
e Substantial background reduction as
compared to Y(2S,3S) direct rad. decays
« Sample: 93M Y(3S) + 117M Y'(2S)

* Selection: one photon E* > 200 MeV + 4
charged tracks: at least one u + dipion from
Y'(2S,3S) > Y (1S)

— Additional soft y’s accepted, E* < 200 MeV
— All tracks from same vertex (e*e” IP)

Events/(0.20 GeV/c?)

— Beam-energy constraints on Y(2S,3S) 4,

improve A° resolution (2-9 MeV/c?)

- Backgrounds:

W(2S) = wrm Iy
V- p'w

— Continuum: QED e*e™— pu'w” 0o 1 2 3 4 5 6 71 & 9

— Peaking: ISR production of p°, y(2S) and J/y - ,"T’”(G,ﬂ,mz,] e
(only in Y'(3S) sample) = J/y excluded 20:—Y(z§), Smax = 3620 a} 7.85 GeV/c? E

* Yield extracted from mg = Vm? , —4m?,
h’ | k

— Max significance:
* Y(2S): $=3.620 @ 7.85 GeV/c? W [H
° *JIH ﬁﬂ llH] . ﬁl | W

* Y(3S): $=2.970 @ 3.78 GeV/c? 1
* Compatible with null hypothesis ' . (GeV/c?)

Events/(0.0035 GeV/c?)

* Combined: S =3.240c @ 3.88 GeV/c? A




Y(2S,3S) =>n Y (1S), Y(1S) » Y A°, A°— ptw

* PRD87,031102 (2013) | :
st

* 90% C.L. Bayesian upper limits in the range
0.212 <m,, < 9.20 GeV/c?

— For the combined dataset:

BF UL (10%)

BF UL (10%)
IIIIIIII|
= s
= 2]
%

—

| =
Ei

B(Y(1S) = yA°)x B(A’ = 1" 117)=(0.29-9.7)x107°

10

— Improvement of a factor 2-3 of the previous
limits for m,, < 1.2 GeV/c?

— Comparable to former BaBar results for 10

120 <m,, < 3.6 GeV/c’ (PRD103,081803(2009)) & [ Y(15) from 1(25) 1 3SM MNE
’
 Can be combined with direct Y'(2S, 3S) resultsto @ ‘www
set a limit to the effective Yukawa Higgs-b quark . NS, 19 Y(19), Y1) rph” ;_W
coupling: E §E —Y(28,39) sy AL A s W
R, s ¢ % 1
BOY(nS) > ") _ f; (1_ "y J = (i MANCE
B(Y(nS)—>(0"0") 2nx m, S
(Y(n3) ) o) < 1{]: All combined M‘l
* For m,, < 9.20 GeV/c?: 3 “Wﬁ 5
’ & WPMWJW “W ©
fixB(A" = u 1) =(0.29-40)x10"° ; '

{GeWc*]



Y(2S) »>n'n"Y(1S), Y(1S) > Yy A%, A 't

arXiv:1210.5669 (2012), accepted by PRD-RC

Sample: 98M Y'(2S)

Selection: one photon E* > 200 MeV + 4
charged tracks: at least one lepton (t decay, 5
combinations) + tagging dipion

— Additional soft y’s accepted, E* > 30 MeV

Backgrounds:
— Continuum: QED e*e™— y1'1” + 2y events
— Peaking: radiative leptonic Y’(1S) decays

Yield extracted from recoil mass of the dipion
system (Y(1S)) and missing mass (Y(1S) - y):
— Scan range in two intervals with different
optimizations:
* 3.6<m,, < 8GeV/c? (Low)
¢ 8.0<m,, < 9.2 GeV/c? (High)
— Max significance:
» $=2.70 @ 6.36 GeV/c?
» $=3.00 @ 8.93 GeV/c?
* No significant signal observed

Pl E =
T T
- ——
-

T

: ——
| ——
T
:'—I-—'

A i
T
b | | [

Events /{ 1 Gev?)

Events /{ 0.8 GeV)

I—IlllllH—H—l—lll IIW

(b)
7.5% of pseudo-experiments have
a >3c0 fluctuation



Y(2S) > Y(1S), Y(1S) »> Yy A%, A% 5 't

arXiv:1210.5669 (2012), accepted by PRD-RC

e 90% C.L. Bayesian upper limit in the range
3.6 <m,, < 9.2 GeV/c?

| B(Y(1S) > A )xB(4A° - t7t7)=(0.9-13)x10"

* Combined with Y(3S) results to set a limit to
the Yukawa Higgs-b quark coupling:

BOY(18) > ") _ giGomy , (4 M
B(Y(nS)—>L707)  2za 4P\ ml,,

* For m,,< 9.2 GeV/c?:

g;xB(A° > t7t7)=(0.09-1.9)

g, = tanf3 cos0, = much of the parameter
space preferred by NSSM (>1) is ruled out

g2 BA"— 1) UL @ %0% C.1.

10
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_.'II I| - / I, |I |
10* - ! Il'l.-'rv/ I"\ — I'.UII ! —]
A | | Ll ] | L1
3 5 3 7 8 [
m,, (GeV)
| I I T I | .':_ I
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Y(2S,3S) =»>n*nY(1S), Y(1S) > y A°, A°— gg, S§
PRD88, 031701 (2013)

Sample: 122M Y(3S) + 99M Y'(2S)

* Selection: one photon E* > 200 MeV + 2 charged
tracks (dipion from Y'(2S) transitions) + hadronic
system from A® decay products (26 reactions)

— PID of K, , p (sS: reactions with at least 2K)

Channel # Channel
w0 14 K"K a7 n—
7t 27° |15 KTK ntn x°
2 t2n~ 16 K*KorFrtn~
o~ |17 KTK ™
L 18 KTK 27t 2n~
27277 27% (19 K*KonFnta—27°
3nT3n~ 20 KTK 27T 2n~ n°
2 2y |21 KIK_QTT+2?T_2?TD
+aq.—n 0 0, Fog, +g.,—.0

+ A CP-odd Higgs cannot decay in 2 pseudoscalars 10 i;i:ﬁﬂ gg §+§S—Eﬁ-§ﬂgﬂ "
— Beam-energy constraints on Y'(2S) 11 K*K~n° |24 2K"2K~

12 K*K%F |25 ppr®

13 K"K 27" |26 pprto—

— A% reconstruction: exclude 2-body FS

CDOO'\]G’UCH#WMI—*:_ﬁ:

* Backgrounds:

c 600 T T T T T T ]
— Y'(1S) — ggg, — ygg with gluon hadronization "E 2 | | 4 gg data |
=500 —
E L —+—s§data .
gd-l][]— ++++ Dgg stxi:aled data ++ ]
. E o + COontinuum -
* Yield extracted from background subtracted ?ﬂﬂ— 4 ++++++D:§:§§:f:m data ++ ++ .
mass spectrum S0 " +: b
4+ + i

— Range: 0.5 <my, <9 GeV/c? woe T J**“***”*mﬂ#:xf y

* 4
— Largest upward fluctuations: ol Y .
) 0 2 4 G 1] 10

* gg:2.70 @ 8.13 GeV/c A’ candidate mass (GeVic?)

* S5:3.20 @ 8.63 GeV/c?

10



Y(2S,3S) ->n'nY(1S), Y'(1S) > y A%, A°— gg, SS

PRD&8, 031701 (2013)

How often such a statistical fluctuation
can occur in simulated experiments:
gg: 86%

— s5:59%

No evidence for A% signal in the

hadronic mass spectra, nor other
hadronic resonances

90% C.L. Bayesian upper limits in the
range 0.5<m,, < 9.GeV/c?

B(Y(1S) > y4°)xB(4" = gg)=10"°-10""

B(Y(1S) > y4°)x B(4° = s5)=10" =107

The limits are less stringent than what
obtained in the leptonic decays

a0% C.L. upper limits

= = =
a

=
I

10%

3
h
=

107 ,
]

—Emdfdmﬂ—{tser\redllmrls

""" statistical errors only
. ] - .
Approximate prediction

E(YHS] —:r"f A ) x E{A —}gﬂ]

101

102

10%

[

.. |
- il [
10°®
107 B(Y(1S) — v A") x B(A" — s3)
| . . . | . N . | . . N | .
2 4 G 8
A" hypothesis mass (GeV/c))
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Parameter space excluded by the data

Upper limits for A° coupling

to b-quarks from several
Babar measurements

(g, = cosb, tanp)

+ -
HH PRD 81, 075003 (2010)

tang=10, n._,,,-mznc- 300 Gn\f
=150 GeV, any F F

-05 00 05 -05 00 05
a, non—singlet fraction (cosd,)
0<m,<2m,
2m_<m, < 7.5GeV

- 10 T AR IR R
& - g2, >1 generally preferred by NMSSM .
X | e L R B -3
= E 3
= c 3
® - ]
- 107'E -
: - 3
o = ]
e 107 — A" E
- —A's1r 3
- = A" hadrons -
1073 & — A’ invisible | —
E !J.J I.I.IIJ ttl.!l]]I.I.I.ItJJI.J.J.I.I.l!JJI.I.I.ttJJJ.;
0 1 2 3 4 5 6 7 8 9
m,, (GeV)
T
1072 e teRBS10 Mgizi002030 0 The boxes indicate the
o HoISOGeVany F 3 £ ey i IS ranges permitted by the
o0, 3 experimental
RN ) measurements for
m 10 o o 3 .
x } different massed
£ 1078 10 — The space above the
g T upper edge of the boxes
1 ¢ is excluded
10-7 — Strong constraints on the
-05 00 05 -0.5 00 05

&, non—singlet fraction (cosd,)

1.5 <m, <8.8GeV
8.8 <m, <9.2GeV

parameter space
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Dark sector gauge bosons: search motivations

* Several clear experimental evidences for the existence of Dark Matter from
terrestrial and satellite experiments
— PAMELA, INTEGRAL, ATIC, DAMA/LIBRA, CREST, HESS, ...
* 511 keV photon flux from the Galactic center (1-10 MeV e*/e” source?)
* Positron and electron fluxes (NO protons/antiprotons!)
* Annual modulation signal

* These (+null) results can be thoroughly interpreted resorting to a new
hidden U(1),,r¢ 8auge group which couples to U(1),

— Kinetic mixing of dark matter particles to SM ones through a dark photon:

eFWB,,
* Small coupling € Standard Dark
* Typical range: 10°<g <102 SUI(\Q)OSUG(L) sector
* Gauge bosons produced in DM U)((l)Y .
annihilation

— Massive dark photon A’ generated via Higgs’ mechanism (dark Higgs h’ added to
the theory)

* Expected mass: at most few GeV/c?, if coming from TeV/c? mass DM

* Observable at B factories: low background environment



Dark sector gauge bosons: signatures

Through the kinetic coupling the
dark photon A’ gets an effective
charge by which it couples to SM
fermions

— Coupling strength: a’= ag?

— Large coupling to electrons and muons
at low masses

Light dark-Higgs boson
— Decays into 2 dark bosons
— m,,>2m,: prompt decay
— m,, < m,: prompt or displaced

— Higgs’ production: Higgs-strahlung
ete > A'h’, h" > AA

hadrons

o'lo = ¢?

Decay BF

1

Batell et al, PRD79, 115008 (2009)
dark photon branching fraction

1.00

0.50

hadrons

0.20
.10

0,03

0.02
0.01

0.1 0.2 0.5 1.0 20 5.0 10,0

m,. (GeV)

Constraints on o'/o = g2

1o

10

10"

107

10-#

10~

(:',—IIZII
PP | M Lo e
0.1 1

m,. (GeV)
Bjorken et al, PRD80, 075018 (2009)

0.0l



Dark Higgs searches at BaBar

* Higgs-strahlung:
— only suppressed by one power in ¢
* Constraint: m,,>2 m,
* Ranges:
— 0.8<m, < 10 GeV/c?
— 0.25<m, < 3 GeV/c?
e Data: full dataset, 516 fb!

e Selection:

— Exclusive mode: 6 fermions in pairs
of opposite charge/flavor
* Full reconstruction of the 3A’
— similar masses
— e*e” c.m. energy constraint
— Same vertex (IP)
— Inclusive mode: 2 lepton pairs for A’
+ X
e 2 similar masses for A’
* 3rd A’ from missing mass

* Background: wrong sign
combinations

* 6 events found (each: 3 entries)

PRL108, 211801 (2012)
e’ S [:+
-I-—...__ f-

o

l-_—h_ [_

=

/\i&

—
3 [ T T T T T 1 T ]
E e 4u2n . - E
25 m 2udn ]
E LA 2edr v v E
- v 4usX =
= 2 :
S - . ]
< 1.5 Most likely from -
E [ e'e"—e'e pp, e'e 0O, b1 ;
1_ —
- omoa e e . = me. .
o5 " Lo -
1 P Lo v by v v v Vv v by vy by v v by vy oy 1y T
1 2 3 4 5 6 7 8 9 10

m,. (GeV)

No event by 6 leptons
Signal consistent with background
16



Dark Higgs searches at BaBar rruios, 211801 (2012)

* 90% C.L. Bayesian upper limit on the Cross section upper limit (ab)

) . g [T T T L T T T 102
production cross section: (10-100) ab -
* 90% C.L Bayesian upper limit on o’g? :
as a function of m,,and m,: 101°-10% g ¢
e °F
E T 1 T T T 3 :_
B m,. =2.5 GeV 7] C
10° e m,. = 1.5 GeV 3 C
— m,. =1 GeV .
10.'3' e =0. -
y = 3 m,, (GeV)
] B m
= 0t E
F i E Limit on e’=o'/o assuming o = _for various Higgs mass
0% e ]
: - 3
1 1 | 5 10—
1o 2 4 6 8 10 7o
m,,. (GeV) W 10

e o =o: limits on the mixing strength &2

— 10%.10° 10
— One order of magnitude smaller than 0L — m, =3 CeV
current bounds : J excluded — M, = 5 GeV
* substantial improvement if a light dark 107 m_ =7 GeV

Higgs (< 5-7 GeV/c?) exists

102 10" 1




CONCLUSIONS
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\

. Summary and outlook

Low energy e*e” colliders provide a clean environment to
look for MeV-GeV Higgs’ and dark sector bosons

BaBar searched for evidence of two kinds of light Higgs’
particles:

— Light Higgs favored by NMSSM

* Comprehensive searches using a variety of Y(nS) decay channels
 Significant constraints on NMSSM parameter space

— Dark Higgs (and gauge bosons) suggested by dark sector
models
* Searches for signals from Higgs-strahlung
e Constraints on the coupling parameters

— No evidence observed so far

* Upper limits O(10%-10) on cascade branching fractions
— Further searches still in progress

* APdecayinginyy, cC

* Dark photon: ete" >YyA’; A — e*e’, u*u, hadrons, invisible

19



BACKUP SLIDES



BaRar

3
2 T

g

Integrated Luminosity [fb™

5
i
¥

200

—  PEP Il Delivered Lumincsity: 553 42

| BaBarRecorded Luminosty: 53143

BaBar Recorded Y{ds) 432 80

BaBiar Recorded Y(3s} 3023

Babiar Recorded (25| 1445@
Off Peak Luminosity: 53,85

The BaBar experiment at PEP-II, SLAC

S
- Al —

I EMC ‘

11 6580 Csl(TI) crystals
(1.5T) iR :
solenoid e* (3.1Ge

I V)
DIRC (PID) - : =
144 quartz : 1 2

bars
11000 PMs

¢ Drift Chamber

e (9Ge

40 layers

+ Silicon Vertex Tracker

* 5 layers, double sided

i /

il [T

P A e R R

o8]
Ln

o~
.
R
. I
:
15
g
m 1
T top 4 i [ad
+z P ; ! k
st ' 1
® bt

bt
T(18)  Y(2S)

+ beam energy spread) <)

—_

[aa]|
an]]

¥
s

oy 1 - ]
o ey ...-!-1»..4‘*" s S

IT(SS) . .

" 1TcUSB (1980)
Narrow Y states X! ]
H (~20-50 keV) f:’:
L {1 (width limited by 3

Large
natural
Width
(~20 MeV)

Y(45)

0
944 546 10.00 10.02

1034 1037 1054
Mass (GeV/c')

10.58 10.62

Instrumented Flux Return | strips
iron / RPCs or LSTs (muon
{ neutral hadrons)
+ Precision tracking + High-resolution calorimetry + Excellent PID

PEP-1l and BaBar operated from Oct 1999
to Apr 2008, ~ 500 fb! integrated

~470 x10° Y'(4S)

~120 x10° Y'(3S) (10x BELLE)

~100 x10° Y'(2S) (10x CLEO)

~18 x10% Y(1S) from Y(25) »>=*mY(19)
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Summary of current A° BF upper limits from

BaBar

Y(2S,3S) > y A%, A° — ptue

Y (1S) > y A%, A° > utu
Y(3S) > y A%, A — 1
Y (1S) > y A%, A0 — t*1°
Y'(2S,3S) — v A%, A° — hadr
Y(1S) > y A%, A’ — gg

Y (1S) > y A%, A? — s§

Y(3S) — y A%, A? — invisible

Y(1S) — y A%, A° — invisible

Upper limit (10°) @
90% CL

0.026 - 0.83 (Y'(29))
0.027 - 0.55 (Y'(39))

0.028-0.97
1.5 -16
09-13
0.1-8

0.1-1000

1-100
0.07-3.1

0.19-0.45
0.27-37

0.212-9.3

0.212-9.3

4.03-10.10

3.6-9.2

03-7

05-9

0.5-9

0-8
8-9.2

PRL103, 081803 (2009)

PRD87, 031102 (2013)
PRL103, 181801 (2009)
arXiv:1210.5669 (2012)
PRL107, 221803 (2011)
PRDS8, 031701 (2013)

PRD88, 031701 (2013)

arXiv:0808.0017 (2008)

PRL107, 021804 (2011)
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Limits on dark photon searches at BaBar

* All searches for a light Higgs can be re-interpreted
*  looking for a spin 1 A’ boson in its ff decay

10” 1074

0,001 0.01 0.1 1

107 102

BaBar 40 fb?

L .'-l_- ,:5
10-% Bat =107°
: Babar 500 fb! reach
1077 107
= :
108 <108
10-9 —10"?
10710 ;10—“’
; rro E
| _ N el : o -;I-.]' N e | | —11 .
107,001 0.01 0.1 1 1d R. Essig

mi g (GeV)

e Exclusion of almost all the “g-2 preferred” region
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